Adaptive friction compensation for hand grasping and compliant control by Sadun, Amirul Syafiq et al.
  
  
Abstract - Attaining a good positioning control is an 
important step to be achieved for a robotic hand to safely grasp 
an object. The safety of the grasped object can be enhanced by 
providing a compliant control strategy. This paper presents a 
model reference adaptive compliance controller where a mass 
spring damper system can be introduced. The performance of 
model-based adaptive controller with the effect of friction and 
stiction is investigated. A few mathematical models of friction 
are considered i.e. static friction (stiction), coulomb friction 
(dry friction), viscous friction, drag friction and square root 
friction.  It is observed that a good positioning and compliant 
control are feasible in the presence of friction and stiction in 
simulation. It is evident that the level of compliant control can 
be achieved during the object grasped. 
  
Keywords—Friction and Stiction, Adaptive Control, 
Compliant Control, Hand Grasping and Position Control. 
 
I. INTRODUCTION 
 
Traditionally, robots are always located at a highly 
structured and pre-defined environment which can be found 
mainly in factories. The tasks such as painting, deburring, 
polishing and welding required a robot to move from initial 
to goal positions efficiently, without collisions with 
obstacles and other robots [1]. Study on the unstructured 
robot environment (i.e. no prior knowledge) has been the 
subject of interest for many researchers; particularly when 
robots are sharing the same workspace or they are working 
in our ‘personal’ space [2]. This scenario required 
researchers to provide and focus on a highly safety issues 
during interaction. For example, the safety of the object to 
be grasped by a robot hand, relies on several aspects such as 
the provision of reliable mechanical structures or 
mechanisms of the robot, better motion control and 
feasibility of compliant control [3], [4], [5], [6]. Most of 
these groups have been successfully controlled the motion of 
the robot hand and introduced force control during grasping.  
The main challenge in the motion control problem of rigid 
robotic hands is the complexity of their dynamics and 
uncertainties. The fact that the current robotic hand design is 
complex, small, multiple degrees of freedom [7], [8], [9], 
[10],  [11], nonlinear characteristics have always affected the 
control performance. One of the nonlinear systems that 
hampered the mechanical or mechanism system is the 
friction. Friction can be described as the tangential reaction 
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force between two surfaces in contact. Frictions can be 
found in all mechanical system such as servomechanisms, 
bearings, transmissions, hydraulic and pneumatic cylinders, 
valves, brakes and wheels. In many cases friction is always 
treated a problem which deteriorates the performance of the 
system in particular when achieving high precision system. 
Moreover, friction is highly nonlinear and may cause steady 
state errors, limit cycles, and poor performance. Previous 
studies by [12], [13], [14] and [15] have shown that friction 
must be appropriately compensated in order to achieve 
accurate motions.  
It is known that the exact friction model is practically 
difficult to obtain. Adaptive control lend itself to the 
approaches where the changes in dynamics of the plant and 
the disturbances acting on the plant can be compensated. 
The most commonly used adaptive approaches are the model 
reference adaptive control (MRAC) and the self tuning 
regulator (STR). In our case, both adaptation approaches are 
considered in designing compliant control. In particular the 
MRAC approach introduced in [16] and the STR technique 
proposed by [17]  will be employed in  this research. In 
addition, adaptive control has some advantages such as it is 
robust in dealing with uncertainties  in constant or slowly 
varying parameters as well as its ability to compensate 
disturbances, varying parameters, and unmodeled dynamics 
[18].  
The safety of the object to be grasped can be enhanced 
by introducing a compliant control. Compliant control is 
defined as the allowance of deviations from its own 
equilibrium position, depending on the applied external 
force. The equilibrium position of a compliant actuator is 
defined as the position of the actuator where the actuator 
generates zero force or zero torque [19], [20]. Compliant 
design approaches include passive compliance (i.e. 
mechanical design), active compliance control (i.e. uses 
sensor data) and hybrid compliance control [21]. It is noted 
that many work on compliance or impedance controllers are 
model-based non-adaptive schemes [16]. Extensive research 
on model-based non-adaptive schemes can be found in 
[22],[23],[24] and [25].  
Since the performance of the controller may degrade in 
the presence of system changes and disturbances, a model 
based adaptive scheme is preferable. The work in [16] is an 
example of a model based adaptive control. The authors 
established the adaptive compliance model reference 
controller applied to a 4 degree of freedom humanoid robotic 
arm in Cartesian space. The proposed control scheme 
considered only the general structured of the model such as 
inertia matrix, coriolis/centripetal and the gravity vectors 
(i.e. almost no information about the parameters of the 
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robots is required). Moreover, the technique used in [16] was 
based on the work proposed by [26]. It was easy to 
implement and resolve some computational issues. Similar 
technique can be used for grasping control strategy. 
The objective of this research is to investigate the 
effectiveness of the model based adaptive controller in order 
to achieve a good motion grasping control in the presence of 
friction and stiction. An active compliant control approach is 
proposed where a model reference controller of a mass- 
spring damper can be introduced. The proposed  control 
scheme is tested on the robotic hand in simulation. In order to 
illustrate this research, this paper is organized as follows. 
Section II presents dynamics model of friction and stiction. 
Section III explains controller design strategies. Section IV 
discusses simulation and results, followed by conclusion in 
section V. 
II. DYNAMICS MODEL OF FRICTION AND STICTION 
 
Motivated by the previous work on adaptive friction 
compensation of servo mechanism [15], the same model of 
friction and stiction are considered in this paper. The list of 
friction models is as follows: 
 
A. Static friction (stiction) 
 
The static friction is usually described as follows: 
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B. Coulomb friction (dry friction) 
 
The Coulomb friction is described as below: 
 
( )qff Cm sgn=  (3) 
 
where Cf  is the Coulomb friction coefficient 
and nC ff µ=  with µ  being the coefficient of friction and 
nf  the normal force. 
 
C. Viscous friction 
 
The Viscous friction is described as below: 
 
qff vm =  (4) 
where vf  is the maximum viscous coefficient. 
 
 
D. Drag friction 
 
The drag friction is described as  
     
qqff dm =  (6) 
 
where df  is the drag friction coefficient. 
 
E. Square root friction 
 
The square root friction  is described as  
 
( ) ( ) ( )qqfqf rm  sgn2
1
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where rf  is the square root friction coefficient. A rigorous 
definition of the friction and stiction models can be found in 
[27] and [28]. 
 
III. CONTROLLER DESIGN STRATEGIES 
 
For controller design, the model  
 
ufqm =+  (8) 
                                                              
is considered, where m  is the generalized mass/inertia, f  
is a lumped expression for the major nonlinearities i.e. 
gravity, friction and centrifugal/Coriolis force.   
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Figure 1: Model Reference adaptive compliance controller. 
 
However, the force f  is mainly affected by friction. The 
structure of the proposed controller scheme is depicted in 
Fig. 1. An illustration of 3 fingers robotic hand of Fig. 1 
mainly used for the experimental purpose in the future. In 
this study, only a single joint is considered to show the effect 
of fricitons. 
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A. Adaptive Controller 
 
In the adaptive controller, the following equation 
represents the control error:  
qqe r −=  (9) 
with )]( )( )([ tqtqtq rrr   being the reference trajectory and its 
time derivatives. A filtered control error is  
 
eer λ+=  (10) 
 
where >λ  0. Introducing the reference velocity and 
acceleration signals as  
 
eqq rv λ+ =  (11) 
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Consider the controller given by  
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t
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where fˆ  is an estimate of the friction force and mˆ  is an 
estimate of the mass m . The friction force for control can 
be modeled as a linearly parameterized nonlinear signal:  
 
ε+PSf T=  (14) 
 
where TqsgnqqqqqsgnqqS )](||  |,|  ,  ),(  ),( [= δ  Lℜ∈  
are the basis functions used for friction identification as 
descriebd in Section II . LP ℜ∈  is a vector of parameters. 
The value ε  is a small remaining error. Let )*ˆ(   be the 
estimate of (*) and )*ˆ((*)=)*~( − . The closed-loop system 
is then given by 
 
ετ +++++ ∫ fqmrdkurkrm v
t
ir
~~=
0
1   
 
(15) 
 
where >1k  0 and a robust control term )(= 2 rsgnkur  is 
introduced to compensate for any remaining modeling 
uncertainty ε . Equation (15) can be further written as  
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where TTv Sq ]  [= ψ  and 
TPm ]~  ~[=~θ .  The adapting law is  
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The value σ  introduces a forgetting factor, usually resulting 
in more robust performance. Note that θˆ  is responsible for 
the estimate of mˆ  and the weights used in the estimate of 
fˆ . [17] suggested the following Lyapunov function for 
closed loop analysis to achieve asymptotic stability for the 
controller error and bounded stability in the estimates P .  
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B.  Compliant Control 
 
The reference impedance model characteristics are 
defined by the mass matrix sM , the damping matrix 
coefficient  sC  and the stiffness coefficient matrix sK . 
These values determine the behaviour of the reference 
model: 
rsrsrsf
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where, H  is an externally sensed force, rq  is the reference 
trajectory and dq  is the new demand to compensate the 
external force introduced via the input distribution gain fG . 
In addition,
 f
G is positive definite and H  is an external 
force measurement, obtained via specially introduced 
sensors. Equation (19) can be further written as follows: 
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Then, the equation (20) can be simplified as  
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Since equation (21) is now a mass spring damper of a second 
order system, the following equation can be shown. 
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Hence sM  , sC  and sK  can be used to adjust the level of 
compliance, e.g. if sK is decreased, the robot becomes more 
compliant where 2nsK ω= . The scalar nω  is natural 
frequency. On the other hand, the robot hand can be very 
stiff if sK  is significantly increased. Similarly, the values of 
sC can also affect the compliance level of the grasping 
robotic hand where nsC ςω2= . The scalar ς is a damping 
ratio. This compliance behavior is directly linked to the 
safety of a human close to the robotic hand. The fact that the 
reference model is passive, values of  sC  and sK  can be 
arbitrarily chosen by designer which allows for greater 
freedom of design safety related compliance.  
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IV SIMULATION AND RESULTS 
 
To show the effectiveness of the proposed control 
scheme, a series of simulations has been carried out based on 
the dynamic system as in equation (8). In particular the 
frictional force of  f  in equation (8) is defined as follows: 
 
qf
dt
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The frictional force f considered here is represented by the Z 
model which captures most friction behaviours, and the 
factors in the model are chosen as 001.0=sq , 1000000 =σ , 
1000001 =σ  ,
 
4.0=vf . Parameter )(qg   is described as 
the Stribeck effect (see [15] for detail explanation for the 
plant used in this simulation). Moreover, demand signals in 
the range of -0.2 rad, -0.4 rad and -0.6 rad are used in 
particular to observe for positioning control.  Meanwhile, an 
input constant of -0.2 is selected for compliant control test. 
For the demand filter, a second order filter 
)
5020
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=
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is used. The feasibility of the 
proposed control scheme is tested under various operating 
conditions. The tests are divided into Case 1, Case 2 and 
Case 3. Case 1 illustrates the performance of positioning 
control, Case 2 exhibits the performance of compliance level 
when gain sK  is increased. On the hand, Case 3 shows the 
performance of compliant control when gain sC  is 
increased. The selection of the adaptive controller gains is 
shown in Table I.  
 
TABLE I.   ADAPTIVE GAIN SELECTION 
 
 
Controllers  
 
1k   
 
ik  
 
2k   
  
Γ   
 
σ   
Adaptive   80  10  1 1000  1  
 
 
A.  Case 1: Tracking Performance 
 
Case 1 investigates the performance of the tracking control. 
Different input references -0.2 rad, -0.4 rad and -0.6 rad are 
selected to observe the performance of tracking control. The 
results are shown in Fig. 2, Fig. 3 and Fig. 4 respectively. It 
is found that the q  follows rq satisfactorily for all different 
positions. 
 
B. Case 2:  Compliant level by increasing sC .  
 
Case 2 investigates the performance of tracking control 
and compliant level by increasing sC . The values of  sC  
are increased from 0.5, 1, 2, 4 and 5 while 25=sK  is 
maintained. Hence, the choice of ς and nω can be clearly 
seen as shown in Table II. Here, compliant level 
performances at position -0.2 rad are investigated.  The 
results show that the robotic hand becomes less compliant 
for large sC  where significant damping is introduced.  
Nevertheless, difference compliant level has been 
successfully attained starting from 2 seconds where at this 
point the external force has been applied (i.e. q  follows dq
 satisfactorily). However, when there is no external force 
exerted the q  follows rq  back to initial tracking. These 
scenarios are depicted in Fig. 7, Fig. 8 and Fig. 9 
approximately after 9 seconds, 7 seconds and 6.5 seconds 
respectively. It is also to note that the q  follows rq  in the 
spans of 0=t  second to 2=t  seconds as seen in Fig. 5 to 
Fig. 9.  
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Figure 2: Response at a position -0.2 rad. 
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Figure 3: Response at a position -0.4 rad. 
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Figure 4: Response at a position -0.6 rad. 
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C. Case 3: Compliance level by decreasing sC . 
 
Case 3 investigates the performance of the tracking 
control and compliant level by decreasing sK . The values of  
sK  are decreased from 30, 20, 10 and 1. Meanwhile 5=sC  
remains unchanged. Hence, the choice of ς and nω can be 
clearly seen as shown in Table III. 
It is clearly seen that when gains sK decrease, the values 
of ς  increase while values of nω  decrease. Hence, by 
increasing the damping factor and lowering the natural 
frequency, the hand becomes stiffer. This performance can 
be clearly seen in Fig. 13. Fig. 10 to Fig. 12 slowly show 
that the hand grasping has become so stiff. Nonetheless, 
similar performance of tracking and compliant level can be 
achieved as depicted in Case 2, where q  follows dq
 satisfactorily when external force is applied at period of 2 
seconds. 
 
 
TABLE II.   COMPLIANCE GAIN SELECTION 
 
sC  sK  nω  ς  
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Figure 5: sC = 0.5 and sK =25 
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Figure 6: sC = 1 and sK =25 
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Figure 7: sC = 2 and sK =25 
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Figure 8: sC = 4 and sK =25 
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Figure 9: sC = 5 and sK = 25 
 
TABLE III.   COMPLIANCE GAIN SELECTION 
 
sC  sK  nω  ς  
5 
5 
5 
5 
30 
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10 
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5.5 
4.5 
3.2 
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0.56 
0.79 
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Figure 10: sC = 5 and sK =30 
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Figure 11: sC = 5 and sK =20 
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Figure 12: sC = 5 and sK =10 
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Figure 13: sC = 5 and sK =1 
 
It is to note that due to the space limitation, the time 
response of the control signal u and the time response of the 
estimated values are not discussed here. 
V. CONCLUSIONS 
In this paper, the model based adaptive controller is 
proposed to perform active compliant control. In particular, 
simulation results show that different levels of compliance 
are feasible in the presence of friction and stiction. The 
proposed control scheme is also practical to compensate for 
the change of dynamic behaviours. A good motion control is 
satisfactorily achieved. Based on simulation results, practical 
implementation of the grasping control strategy of a robot 
hand will be carried out in the future. 
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